In the present paper we investigated the effect of the sucrose (Suc) analog palatinose on potato (Solanum tuberosum) tuber metabolism. In freshly cut discs of growing potato tubers, addition of 5 mm palatinose altered the metabolism of exogenously supplied [U-
In growing potato (Solanum tuberosum) tubers, Suc arriving via the phloem is degraded via Suc synthase (SuSy) to Fru and UDP-Glc, which are converted to hexose phosphates by fructokinase and UDP-Glc pyrophosphorylase, respectively. Hexose phosphates are then imported into the plastid and used for starch synthesis via plastidial phosphoglucomutase (Tauberger et al., 2000) , ADP-Glc pyrophosphorylase (AGPase), and the various isoforms of starch synthase (for review, see ap Rees and Morell, 1990 ; Kruger, 1997) .
There has been considerable interest to increase the efficiency of this pathway and thus increase starch accumulation within potato tubers by conventional plant breeding or genetic manipulation strategies (Stark et al., 1991; Schafer-Pregl et al., 1998; Trethewey et al., 1998) . Transgenic approaches have focussed primarily on the modulation of Suc catabolism (Sonnewald et al., 1997; Trethewey et al., 1998) or of the plastidial starch synthetic pathway (Stark et al., 1991; Tauberger et al., 2000) . To date, the only successful transgenic approaches have resulted from the overexpression of a bacterial AGPase (Stark et al., 1991) or of the Arabidopsis amyloplastial ATP/ADP translocator (Tjaden et al., 1998) . Attempts were previously made to improve the starch yield of potato tubers by the expression of a more efficient pathway of Suc degradation, consisting of a yeast invertase and a bacterial glucokinase (Trethewey et al., 1998) . However, despite the fact that the transgenic tubers exhibited reduced levels of Suc and elevated levels of hexose-phosphates, ATP and glycerate-3-phosphate (3-PGA) with respect to wild-type tubers, this attempt failed. This is intriguing because hexose phosphates, ATP, and 3-PGA represent the immediate precursors for and the activator of the AGPase reaction, respectively (for review, see Preiss, 1988) . Moreover, these hexose-phosphates were found to partition to glycolysis at the cost of starch synthesis, resulting in a decreased starch accumulation within these lines (Trethewey et al., 1998) . When taken together, all these studies reveal that the regulation of starch synthesis in potato tubers is more complex than initially expected and a simple increase in the concentration of the precursors may not be sufficient to drive starch synthesis.
There is now compelling evidence that Suc is not only the major transport form of assimilates in higher plants, but also serves as a source of signals regulating a variety of different genes and processes in various plant organs (Koch, 1996; Chiou and Bush, 1998; Smeekens, 1998) . In source tissues Suc has been shown to repress photosynthetic genes (Krapp et al., 1993; Krapp and Stitt, 1995) , whereas in sink tissues, genes involved in Suc degradation (Salanoubat and Beliard, 1989; Fu and Park, 1995) and storage function (Rocha-Sosa et al., 1989; Mü ller-Rö ber et al., 1990 ) are induced. Furthermore, studies on bean embryos demonstrate a strong spatial correlation between high invertase activities, high Glc concentrations, and zones of cell division, as well as between high SuSy activities, high Suc concentrations, and starch storing zones (Weber et al., 1998) .
The above studies on the role of Suc as a signal provide a plausible explanation for the inhibition of starch accumulation within tubers of potato engineered to express a yeast invertase and a bacterial glucokinase in their cytosol, since these tubers revealed a massive drop in the levels of Suc (Trethewey et al., 1998) . Independent evidence supporting this hypothesis comes from studies with wild-type potato tubers in which the rate of starch synthesis was modulated by alterations in the carbohydrate supply. Starch synthesis was found to be inhibited when Suc supply was interrupted by detaching growing wildtype tubers for 24 h from their mother plant. Further studies revealed that this inhibition could be prevented by feeding Suc (but not Glc) into the tuber via the detached stolon (Geiger et al., 1998) . In addition, when Suc was supplied externally to wild-type tuber slices, there was a rapid stimulation of starch synthesis that was accompanied by a decrease in the levels of hexose-phosphates and 3-PGA (Geiger et al., 1998) . However, in both instances the mechanisms for these changes remain unclear and it is as yet unknown whether Suc itself, its metabolism, or a downstream product of Suc catabolism triggers this response.
Sugar analogs are useful tools by which information relating to signaling mechanism can be derived, since when used carefully they allow the discrimination of the effects of the analogous sugar per se and the effect of a metabolic product of this sugar (Roitsch et al., 1995; Martin et al., 1997; Pego et al., 1999) . In the present study we used the Suc analog palatinose (6-O-␣-d-glucopyranosyl-d-Fru; isomaltulose), which is functionally very similar to Suc in that it is a disaccharide composed of glucosyl and fructosyl moieties; however, it differs in the nature of the bond between these moieties consisting of an ␣ rather than a ␤ linkage. The primary aim of this work was to address whether palatinose, like Suc, was able to stimulate starch synthesis within developing potato tubers. To investigate the effect of palatinose on metabolic fluxes, we fed [U-
14 C]Suc and [U-14 C]Glc independently to potato tuber slices in the presence and absence of palatinose, and then analyzed the metabolism of the labeled sugars. To elucidate possible reasons for the palatinose-induced changes in metabolism we analyzed the levels of various metabolites and nucleotides involved in the pathway of Suc to starch, as well as the palatinose levels within the tissue. Finally, we analyzed the effects of palatinose on the kinetics of Suc-degrading enzymes using potato tuber extracts in vitro. The data will be discussed in the context of current models for sugar sensing in plant tissues.
RESULTS

Feeding Palatinose Alters Metabolism of Suc in Potato Tuber Slices
To investigate whether the Suc analog palatinose affects Suc metabolism in potato tubers, freshly cut slices of growing potato tubers were incubated with 20 mm [U-
14 C]Suc in the presence of 0, 5, 20, or 100 mm palatinose for 2 h, and the fate of the label was analyzed (Fig. 1, A-K) . Uptake of [U-14 C]Suc was slightly (4%, 20%, or 24%) decreased after feeding 5, 20, or 100 mm palatinose, respectively (Fig. 1A) . Palatinose feeding led to a 1.5-fold increase in the rate of 14 C-Suc degradation (Fig. 1B) , which rose from about 7% of the absorbed label in the absence of palatinose to 10%, 9%, and 9.5% of the absorbed label when 5, 20, and 100 mm palatinose were fed, respectively. The distribution of the metabolized label between starch, phosphate esters, organic acids, and amino acids is shown in Figure 1 , C through F, in which the results are expressed as a percentage of the total metabolized label. In the presence of 5, 20, or 100 mm palatinose, an increased proportion of the metabolized label entered starch (Fig. 1C ) and a decreased proportion was retained in the phosphate ester pool (Fig. 1D) ; the proportion of label entering organic acids and amino acids remained unaltered (Fig. 1, E and F). Furthermore, the total radiolabel present in starch at the end of the incubation increased 2-fold in response to palatinose (calculated from Fig. 1, A-C) .
The absorbed 14 C-Suc will mix with internal unlabeled pools, so movement of label will not necessarily reflect fluxes into various pools (Geigenberger et al., 1997) . Interpretation of labeling experiments is especially complicated when treatments are compared that modify label uptake or turnover. The specific activity of the hexose phosphate pool (Fig. 1G) was estimated from the label retention in the phosphate ester faction (Fig. 1D ) and the summed carbon in the hexose phosphate pool (see below, Fig. 2N ), and was used to estimate the absolute rates of starch synthesis (Fig. 1H ) and glycolytic flux (Fig. 1I) . The assumptions involved in calculating the specific activity of the hexose phosphate pool are discussed in Geigenberger et al. (1997) . With increasing concentrations of palatinose, there was a progressive decrease in the specific activity of the hexose-phosphate pool (Fig. 1G) , following the decrease in 14 C-Suc uptake (Fig. 1A) . Feeding 5, 20, or 100 mm palatinose led to a 2.6-, 2.0-, or 2.4-fold increase in the absolute flux to starch, respectively ( Fig. 1H ; the increase being significant, P Ͻ 0.05, when analyzed using the Student's t test). This large stimulation in starch synthesis most probably results from the combination of an increased rate of Suc mobilization (Fig. 1B) , and an increase in the proportion of the metabolized Suc that is then allocated to starch (Fig. 1C) . The increase in starch synthesis was already maximal at 5 mm palatinose and showed no further increase at higher concentrations of palatinose, indicating that this starch synthesis responds very sensitively to palatinose. Coupled to the stimulation of starch synthesis there was a slight, but significant increase in the glycolytic flux (estimated as the sum of the fluxes to organic acids and amino acids) following palatinose feeding (Fig. 1I ). When these fluxes are summed to provide an estimate of the total fluxes deriving from Suc, there is a striking 2-fold increase following addition of palatinose (significant P Ͻ 0.05; see Fig. 1K ), which confirms that the analog stimulates the rate of Suc degradation.
Effect of Palatinose Feeding on Metabolite Levels in Potato Tuber Discs
To investigate the reason(s) for the observed stimulation of the Suc-to-starch conversion, the levels of various metabolic intermediates of the pathway were analyzed from equivalent tuber disc samples. Levels of Suc ( Fig. 2A) , Glc (Fig. 2B ), and Fru ( Fig. 2C ) remained unaltered following addition of 5 mm palatinose, but were decreased slightly when higher concentrations of palatinose (20 and 100 mm) were supplied to the discs. Palatinose feeding did not affect UDP-Glc levels (Fig. 2D ), but resulted in a minor increase in UTP (Fig. 2E ) and a marked increase in UDP levels (up to 1.7-fold; Fig. 2F ), whereas the derived UTP/UDP ratio ( Fig. 2G ) decreased by approximately 40%. These changes were accompanied by a 3-fold increase in the levels of inorganic pyrophosphate (PPi; Fig. 2H ).
The levels of ATP increased only slightly ( The levels of glycolytic and Krebs cycle intermediates were not significantly altered in response to palatinose. There were no substantial changes in hexose phosphate ( Fig. 2N ) and 3-PGA levels ( Fig. 2O) , pyruvate increased only slightly (Fig. 2P) , and the levels of isocitrate and ␣-oxoglutarate remained unaltered (data not shown). The data indicate that palatinose feeding results in a marked stimulation of Sucto-starch transition without major alterations in the levels of phosphorylated sugars and organic acids.
Palatinose Feeding Stimulates Partitioning of Glc to Starch
We further investigated the effect of palatinose on carbohydrate metabolism by following the metabolism of radiolabeled Glc. This experiment allowed us to evaluate whether palatinose is effecting starch synthesis by stimulating Suc degradation or whether it is acting further downstream in the starch synthetic pathway. In addition, since Suc degradation in grow- 14 C]Suc (specific activity 1.4 kBq/mol) with and without addition of 5, 20, or 100 mM palatinose, before they were washed and extracted to determine label distribution. A, [
14 C]Suc absorbed by the tissue; B, percentage of the absorbed label that is metabolized to other compounds. Incorporation of 14 C into starch (C), phosphate ester (D), organic acids (E), and amino acids (F) is expressed as a percentage of the label metabolized. The specific activity of the hexose phosphate pool (G) was estimated by dividing the label retained in the phosphate ester pool by the summed carbon of the hexose phosphates (see Fig. 2N ). The values were corrected by dividing by 2 to give the mean specific activity during the course of the 2 h. The absolute fluxes to starch (H), glycolysis (I), and the summed fluxes to starch and glycolysis (K) were calculated using the specific activity of the hexose-phosphate pool. The results are means Ϯ SE (n ϭ 4).
ing tubers is regulated by a cycle of Suc synthesis and degradation , we wanted to ensure that the observed stimulation of Suc breakdown (Fig. 1A) was not negated by a complementary increase in the rate of Suc resynthesis.
Tuber slices were incubated with 2 mm [U-14 C]Glc in the presence and absence of 50 mm palatinose (separate incubations were carried out in the presence of 50 mm mannitol to provide an osmotic control). Palatinose feeding led to 20% increase in the rate of Glc uptake (Table I) , but did not change the proportion of the absorbed label that was metabolized (more than 95% of the absorbed Glc was metabolized in each case). In the presence of palatinose the proportion of the metabolized label entering starch was significantly increased, whereas the proportion entering organic acids and amino acids was decreased (Table I ). The proportion of label entering phosphate ester and Suc remained unchanged (Table  I) . Partitioning of label was not significantly altered after feeding 50 mm mannitol, indicating that the changes observed following palatinose feeding are not due to osmotic effects. These data are in close agreement with previous studies (Geigenberger et al., 1997 in demonstrating that feeding 50 mm mannitol to potato tuber slices does not influence the partitioning of carbon toward starch.
The specific activity of the phosphate-ester pool was estimated from label retention in the phosphateester fraction (Table I ) and the summed carbon in the hexose-phosphate pool (data not shown). This was then multiplied by the label entering starch, Suc, or the summed label entering organic acids and amino acids to provide estimates of the absolute rates of starch synthesis, Suc resynthesis, or glycolysis, respectively. Palatinose led to a 1.4-fold increase in the absolute flux to starch (significant, P Ͻ 0.05), whereas glycolytic and Suc synthetic fluxes were not significantly changed (Table I ). The results document that the stimulation of the unidirectional rate of Suc degradation is not accompanied by a similar stimulation of Suc resynthesis, implying that feeding palatinose leads to decreased rates of Suc cycling, and a stimulation of net Suc degradation.
Palatinose Is Not Metabolized by SuSy or Invertase
To establish whether the palatinose can be metabolized by Suc-degrading enzymes, the activities of SuSy, acid invertase, and alkaline invertase were assayed in the presence of 100 mm Suc or 100 mm palatinose using desalted potato tuber extracts. SuSy was the major Suc cleaving activity in the potato extracts. SuSy activity, when palatinose was supplied as substrate, represented only 0.5% of the activity measured when Suc was supplied as substrate: the activities were 1,620 Ϯ 120 and 9 Ϯ 1 nmol g fresh weight Ϫ1 (means Ϯ se, n ϭ 4). The extracts used for kinetic analysis contained only marginal invertase activities, representing less than 1% of the Suc catabolic activity, as is typical of potato tuber extracts (e.g. Merlo et al., 1993; Trethewey et al., 1998) . When palatinose was supplied as substrate, activities of alkaline invertase and acid invertase were not detectable (data not shown). In addition to this, gas chromatography mass spectrometry (GC-MS) analysis revealed that no possible cleavage products of the analog appeared when potato tuber extracts were incubated with 50 mm palatinose for 12 h (data not shown). The results document that palatinose is not metabolized by any of the sucrolytic activities of potato tuber extracts.
In a separate experiment 100 mm palatinose or 100 mm Suc was incubated with 0.2 units of commercially available yeast invertase (Sigma, Munich) for up to 12 h. Hexoses formed following this incubation were then detected using conventional assay techniques. No hydrolytic products were detected in the palatinose incubation, whereas Suc was readily cleaved into its constitutive hexosyl moieties (data not shown).
Palatinose Acts as an Inhibitor of SuSy, But Stimulates Invertase Activity
To investigate whether palatinose could have stimulated Suc degradation by acting as an activator of Suc-degrading enzymes, the activities of SuSy, acid invertase, or alkaline invertase were assayed in the presence of Suc together with various concentrations of palatinose (0, 5, 10, 20, 50 , and 100 mm) using desalted potato tuber extracts. It is surprising that addition of palatinose led to a strong inhibition of SuSy when 10 mm Suc was used in the assay (Fig. 3,  A and B) . The inhibition of SuSy was increasingly diminished when higher Suc concentrations (up to 200 mm) were added, indicating that the inhibition is competitive to Suc. The K i values were 13, 15, 25, and 60 mm in the presence of 10, 20, 100, and 200 mm Suc, respectively (calculated from Fig. 3, A and B ). Glc and Fru are known inhibitors of SuSy in various plant tissues (Doehlert, 1987; Dancer et al., 1990a) . However, palatinose did not affect the Fru or the Glc inhibition observed for potato tuber SuSy (data not shown).
In contrast, addition of palatinose led to an activation of alkaline and acid invertase activity using Suc as a substrate (Fig. 4, A and B) . The stimulation was already evident with 5 mm palatinose, was maximal between 20 and 50 mm palatinose, and decreased again with higher palatinose concentrations. The reasons for the decreased extent or absence of stimulation at higher palatinose concentrations are not known. Addition of 0.5 mm palatinose had no significant effect on invertase activities (data not shown). The extent by which the invertases were activated was not affected by the Suc concentration used in the assay. There are several reports in the literature documenting that invertase from stored potato tubers and other tissues is regulated by an endogenous inhibitor (Pressey, 1967; Krausgrill et al., 1996) . To test whether palatinose prevents invertase to bind to its inhibitor we repeated the assays (see above) using a potato extract that had been foamed by shaking for 90 min, or by including 20 mm dithiothreitol or 10 mm N-ethyl-maleimide in the assay. These treatments have been used previously to inactivate the invertase inhibitor in potato tuber extracts (Pressey, 1967; Ovalle et al., 1995) . None of these treatments affected the palatinose-induced activation of alkaline or acid invertase significantly (data not shown), indicating that palatinose is not interacting with the inhibitor. Freshly cut slices of growing potato tubers were incubated for 2 h in the presence of 2 mM [U-14 C]Glc (specific activity 1.4 kBq mol Ϫ1 ) with and without addition of 50 mM palatinose (or 50 mM mannitol as an osmotic control) before they were washed and extracted to determine label distribution. The specific activity of the hexose phosphate pool was estimated by dividing the label retained in the phosphate ester pool by the summed carbon of the hexose phosphates, and was used to calculate absolute fluxes to starch, Suc, and glycolysis. The results are means Ϯ SE (n ϭ 4). 
Analysis of Palatinose Levels in the Discs
GC-MS analysis (Roessner et al., 2000) was used to investigate the uptake of palatinose by the tuber slices. After a 2-h incubation in 5, 20, or 100 mm palatinose, slices were rinsed three times with buffer, blotted with tissue paper, extracted in methanol, and palatinose levels were analyzed. Palatinose levels were 15, 150, and 1,300 nmol g fresh weight Ϫ1 in discs that were incubated in 5, 20, and 100 mm palatinose, respectively (mean values of two separate incubations). Slices incubated in 100 mm palatinose were also analyzed after 10 sequential washes with buffer, but the level of palatinose in the tissue only went down minimally to 940 nmol g fresh weight Ϫ1 , compared with 1,300 nmol g fresh weight Ϫ1 after three washes. The estimated concentrations of palatinose in the tissue (0.01-1.3 mm) are well below the K i of palatinose for SuSy (see above), and in a range where no activation of invertases were observed (see above). GC-MS analysis of the incubation medium during the 2-h incubation indicated that no cleavage products of palatinose, such as Glc, Fru, or UDP-Glc appeared during the time course of the experiment (data not shown).
DISCUSSION
Palatinose Acts as a Non-Metabolizable Suc Analog That Is Only Poorly Absorbed by Potato Tuber Slices
Our results demonstrate that palatinose is not metabolized by SuSy or invertase or any other Suc cleaving activities present in potato tuber extracts. This contrasts with 1-fluoro-Suc, another Suc analog, which is rapidly cleaved by SuSy, but acts a poor substrate of invertase Hitz, 1987a, 1987b) , indicat- ing that different analogs of Suc are differently discriminated by Suc metabolizing enzymes.
GC-MS analysis revealed palatinose levels of 15, 150, or 1,300 nmol g fresh weight Ϫ1 in potato discs incubated in 5, 20, or 100 mm palatinose, respectively. Given that palatinose cannot be metabolized, the low level of palatinose in the tissue indicates that absorption of the analog by the discs is very poor. The low levels of palatinose within potato tuber discs suggests that it cannot be effectively transported and as such is in agreement with the results of Delrot and coworkers who demonstrated that palatinose is not recognized (M'Batchi et al., 1985) or transported (M'Batchi and Delrot, 1988) by the Suc transporter of protoplasts derived from soybean cotyledons of broad bean leaves. It is interesting that the rate of [U-
14 C]Suc uptake into potato tuber discs decreases slightly, but significantly, following incubation of palatinose and unlike the effects of palatinose on metabolism, this decrease appears to be concentration dependent (Fig.  1A) . This finding supports that of Schmitt et al. (1984) who showed that 100 mm palatinose caused a slight (14%) reduction in the rate of [U-
14 C]Suc uptake by soybean cotyledon protoplasts. That the Suc transporter can transport Suc, but not palatinose suggests that the ␤-fructofuranoside bond or a component of the fructosyl moiety of Suc must participate in binding to the carrier in the potato tuber as has previously been found in protoplasts derived from soybean cotyledons (Schmitt et al., 1984) .
Palatinose Stimulates Suc to Starch Conversion in Potato Tuber Slices
The results of this paper show that palatinose leads to a marked stimulation of Suc degradation and starch synthesis when fed to potato tuber slices in vivo (see Fig. 1 ), and to a differential allosteric regulation of SuSy and invertase in vitro (Figs. 3 and 4) . This demonstrates that palatinose has direct effects on tuber metabolism, despite being a non-metabolizable sugar.
Three lines of evidence indicate that palatinose is acting downstream of Suc degradation under in vivo conditions. First, palatinose also stimulated the metabolism of exogenously supplied 14 C-Glc to starch (Table  I) . Second, palatinose levels within the tissue were below the levels required to exert significant effects on Suc-degrading enzymes (0.01-1 mm). Third, palatinose feeding did not result in increased levels of hexoses or hexose phosphates and measurements indicated that the level of UDP-Glc was also unchanged within the tuber tissue despite these metabolites being the direct cleavage products of Suc. We, therefore, propose that starch synthesis was stimulated directly via a signaling mechanism triggered by palatinose and acted independently of the levels of glycolytic intermediates (see below for a more detailed discussion of the putative mechanisms). At present we do not know at which enzymatic step this regulation occurs; stimulation of starch synthesis could involve regulation of transport processes at the amyloplast envelope, plastidial phosphoglucomutase, AGPase, or the polymerizing reactions of starch biosynthesis. Further studies including subcellular analyses of metabolite concentrations are in progress to clarify the mechanism of this regulation.
The stimulation of starch synthesis in turn leads to an increase in Suc mobilization. We propose that the increase in Suc degradation is due to an increase in the levels of UDP and PPi, both acting as cosubstrates in the reversible reactions of SuSy and UGPase (Fig.  2) . It has been shown for potato tubers and other plant tissues that SuSy and UGPase catalyze reactions that are close to equilibrium Geigenberger et al., 1993 Geigenberger et al., , 1997 and strongly substrate limited in vivo (Jelitto et al., 1992; Loef et al., 1999) .
The increase of UDP was due to an increased proportion of the total uridine-nucleotide pool being present as UDP, and was accompanied by a 40% decrease in the UTP/UDP ratio (see Fig. 2 ). There was also a decrease in the ATP/ADP and ATP/AMP ratios, as well as a drop in the adenylate energy charge consistent with increased consumption in biosynthetic processes. Previous studies have shown that the UTP/UDP and ATP/ADP ratios are equilibrated by the action of a nucleotide-5-diphosphate kinase in plant tissues (Dancer et al., 1990b) . The results indicate that palatinose triggers ATP consumption in the tissue by activating starch biosynthesis. The consequential increase in UDP will then stimulate Suc degradation via SuSy (see above). A similar scenario occurs in growing potato tubers in response to an increased assimilate supply (Geigenberger and Stitt, 2000) .
The increase in PPi levels could be due to a stimulation of various PPi-producing processes (including starch biosynthesis) or to an inhibition of various PPi-consuming reactions (Stitt, 1998) . It has been shown recently that a direct inhibition of starch biosynthesis via antisense inhibition of AGPase expression leads to a decreases in the level of PPi (Farré et al., 2000) . This would indicate that PPi, which is produced in the plastid during starch synthesis, is, at least in part, recycled back into the cytosol to fuel Suc degradation via SuSy. We, therefore propose that the stimulation of starch synthesis by palatinose leads to a concomitant increase in PPi, which in turn stimulates Suc degradation.
Palatinose Acts as an Allosteric Effector Leading to an Activation of Invertase and an Inhibition of SuSy in Vitro
Palatinose is not metabolized by invertase or SuSy, but can act as an allosteric effector for both enzymes. It is interesting that palatinose affects SuSy and invertase in different ways. It leads to an inhibition of SuSy, but an activation of invertase. Although the inhibition of SuSy occurred competitively with respect to Suc, the activation of invertase was unaffected by Suc concentration in the assay. The activation of invertase activity also occurred under conditions where the endogenous invertase inhibitor has been irreversibly destroyed, indicating that allosteric activation occurred. Invertases have been characterized in the literature as exhibiting a remarkable lack of regulatory properties (Avigard, 1982; Kruger, 1997) and there is no evidence to date for a strong regulation of invertase activity in response to metabolic factors. In fact, to our knowledge this is therefore the first time that allosteric regulation of invertase activity has been demonstrated. It is possible that Suc has an analogous stimulating effect on invertase activity acting not only as a substrate, but also as a modulator of invertase activity. Such regulation would be especially important in tissues where Suc is degraded mainly via invertase (i.e. growing seeds), providing a key link between Suc supply and its mobilization; however, further experimentation is required to test this hypothesis.
Implications for Sugar Sensing in Plant Storage Organs
Our results show that the non-metabolizable Suc analog palatinose leads to a direct stimulation of starch synthesis in potato tuber slices without requiring an intervening increase in metabolite levels. A similar stimulation of starch synthesis was also observed when external Suc was fed to potato tuber slices or to intact tubers (Geiger et al., 1998; Loef et al., 2001) , or in potato tubers attached to the plant when they were analyzed at the end of the photoperiod when assimilate import rates and internal Suc concentrations were high (Geigenberger and Stitt, 2000) . On the basis of these data we propose that palatinose promotes an endogenous signal cascade that is involved in the stimulation of starch synthesis in response to Suc.
Given their similar response with respect to starch synthesis, the crucial differences between Suc and palatinose allow two conclusions to be drawn concerning the regulation of starch synthesis by sugar in developing potato tubers. First, palatinose cannot be metabolized by potato tubers, indicating that the putative signaling cascade invoking the increased synthesis of starch will not involve palatinose metabolism or a metabolic product of the analog as an initial trigger. Second, palatinose affects starch synthesis at very low tissue concentrations (approximately 15 m if we assume that palatinose is evenly distributed throughout the cell, and approximately 150 m if we assume that palatinose is restricted to the cytosol). Our in vitro studies suggest that no significant inhibition of SuSy or activation of invertase will occur in this concentration range. This makes it very unlikely that a direct effect of palatinose on the kinetics of Suc-degrading enzymes is responsible for the alteration in carbon partitioning. Furthermore, these palatinose levels are three orders of magnitude lower than those of Suc in the tubers (approximately 20,000 nmol g fresh weight Ϫ1 ). We, therefore, speculate that palatinose binds to a factor located at the plasma membrane or has a very high affinity to an endogenous factor located inside the cell, triggering the metabolic response. The existence of such factors in plants have recently been postulated (Lalonde et al., 1999; Fernie et al., 2000) , however, far more experimental evidence is required to ascertain the role and significance of these. Furthermore, the finding that palatinose inhibits the uptake of externally supplied 14 C-Suc into the tissue (see Fig. 1A ) suggests that binding of palatinose to a Suc carrier may occur; however, further studies are required to test this hypothesis. Moreover, the rapidity of the metabolic response to palatinose (within 2 h) indicates that it may consist of post-transcriptional regulation (i.e. protein phosphorylation) rather than changes in gene expression.
In conclusion, supplying palatinose to potato tuber discs provides a novel way to increase starch synthesis. This elevated rate of starch synthesis occurs despite the fact that palatinose is only poorly absorbed and not metabolized by potato tuber slices, and is independent of changes in the levels of glycolytic intermediates. Further studies are required, including expression of bacterial genes converting Suc to palatinose (see Huang et al., 1998) in different cellular compartments of potato tubers, to clarify the sensing mechanism and to elucidate the signal transduction pathway involved in this response.
MATERIALS AND METHODS
Plant Material
Potato (Solanum tuberosum L. cv Desirée, Saatzucht Fritz Lange, Bad Schwartau, Germany) plants were grown in soil (3-L pots) supplemented with Hakaphos grü n (100 g per 230 L of soil; BASF, Ludwigshafen, Germany) in a growth chamber (350 mol photons m Ϫ2 s Ϫ1 irradiance, 14-h/10-h day/night regime, 20°C, 50% relative humidity). Growing tubers from 9-week-old daily watered plants with high activities of SuSy, which is taken as an indicator for rapidly growing tubers (Merlo et al., 1993) , were used for the experiments.
Enzyme Analysis
Tuber extracts were prepared and desalted by centrifugation through Sephadex-G25 columns as in . SuSy, acid invertase, and alkaline invertase were measured according to Dancer et al. (1990a) . Substrate concentrations were varied as stated in the text.
Metabolite and Nucleotide Analysis
Tissue slices were frozen in liquid nitrogen, extracted with trichloroacetic acid, and metabolites and nucleotides were measured as given in . The recovery of small, representative amounts of each metabolite through the extraction, storage, and assay procedures has been documented previously (see Jelitto et al., 1992; Merlo et al., 1993; Geigenberger et al., 1994) .
Measurement of Palatinose
Potato tuber tissue (200 mg) was extracted in 1,400 L of methanol as described by Roessner et al. (2000) and 50 L of 13.2 mm ribitol was added as an internal standard for quantification. The mixture was extracted for 15 min at 70°C, mixed vigorously with 1 volume of water, centrifuged at 2,200g, and 1 mL of the supernatant was reduced to dryness in vacuo. The residue was redissolved and derivatized for 90 min at 30°C (in 100 L of 20 mg mL Ϫ1 methoxyamine hydrochloride in pyridine) followed by a 30 min treatment at 37°C (with 100 L N-methyl-N-[trimethylsilyl]trifluroacetamide). One-microliter samples were then injected with a split ratio of 25:1 using a hot needle technique. The GC-MS system consisted of an AS 2000 autosampler, a GC 8000 gas chromatograph, and a Voyager quadrupole mass spectrometer (ThermoQuest, Manchester, UK). GC-MS parameters were performed as described by Roessner et al. (2000) . The palatinose was quantified by comparison with the peak area of a calibration curve derived from the specific ion trace 361 of palatinose to the peak area derived from the specific ion trace 319 of the added internal standard ribitol.
Labeling Experiments
Tuber discs (diameter of 8 mm, thickness of 2 mm) were cut directly from growing tubers attached to the fully photosynthesizing mother plant, washed three times with 10 mm MES [2-(N-morpholino) ethane sulfonic acid]-KOH (pH 6.5), and were then incubated (eight discs in a volume of 4 mL in a 100-mL Erlenmeyer flask shaken at 90 rpm) for 2 h in 20 mm Suc including 1. 
U-[
14 C]Glc (Amersham-Buchler, Freiburg, Germany) and supplementary respiratory substrate as described in the text. Then discs were harvested, washed three times in buffer (eight discs per 100 mL), and frozen in liquid nitrogen.
Fractionation of 14 C-Labeled Tissue Extracts
Discs were extracted with 80% (v/v) ethanol at 80°C (1 mL per two discs), re-extracted in two subsequent steps with 50% (v/v) ethanol (1 mL per two discs for each step), the combined supernatants were dried under an air stream at 40°C and were taken up in 1 mL of water ("soluble fraction"). They were then separated into neutral, anionic, and basic fractions by ion-exchange chromatography. The neutral fraction (3.5 mL) was freeze dried, taken up in 100 L of water, and was further analyzed by thin-layer chromatography (Geigenberger et al., 1997) . To measure phosphate esters, samples (150 L) of the soluble fraction were incubated in 50 L of buffer (10 mm MES-KOH, pH 6.0) with or without 1 unit of potato acid phosphatase (Grade II, Boehringer Mannheim) for 3 h at 37°C, boiled for 2 min, and then analyzed by ion-exchange chromatography (Geigenberger et al., 1997) . The insoluble material left after ethanol extraction was homogenized, taken up in 1 mL of water, and was counted for starch. In discs from growing tubers, starch accounts to over 90% of the label in the insoluble fraction (Geigenberger et al., 1994) . 
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